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Abstract 

Background: A novel anticancer drug 1-(3-C-ethynyl-(3-D-ribo-pentofuranosyl)cytosine (ECyd, TAS106) has been 
shown to radiosensitize tumor cells and to improve the therapeutic efficiency of X-irradiation. However, the effect 
of TAS106 on cellular DNA repair capacity has not been elucidated. Our aim in this study was to examine whether 
TAS106 modified the repair capacity of DNA double-strand breaks (DSBs) in tumor cells. 

Methods: Various cultured cell lines treated with TAS106 were irradiated and then survival fraction was examined 
by the clonogenic survival assays. Repair of sublethal damage (SLD), which indicates DSBs repair capacity, was 
measured as an increase of surviving cells after split dose irradiation with an interval of incubation. To assess the 
effect of TAS106 on the DSBs repair activity, the time courses of y-H2AX and 53BP1 foci formation were examined 
by using immunocytochemistry. The expression of DNA-repair-related proteins was also examined by Western blot 
analysis and semi-quantitative RT-PCR analysis. 

Results: In clonogenic survival assays, pretreatment of TAS106 showed radiosensitizing effects in various cell lines. 
TAS106 inhibited SLD repair and delayed the disappearance of y-H2AX and 53BP1 foci, suggesting that DSB repair 
occurred in A549 cells. Western blot analysis demonstrated that TAS106 down-regulated the expression of BRCA2 
and Rad51, which are known as keys among DNA repair proteins in the homologous recombination (HR) pathway. 
Although a significant radiosensitizing effect of TAS106 was observed in the parental V79 cells, pretreatment with 
TAS106 did not induce any radiosensitizing effects in BRCA2-deficient V-C8 cells. 

Conclusions: Our results indicate that TAS106 induces the down-regulation of BRCA2 and the subsequent 
abrogation of the HR pathway, leading to a radiosensitizing effect. Therefore, this study suggests that inhibition of 
the HR pathway may be useful to improve the therapeutic efficiency of radiotherapy for solid tumors. 
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Background 

Radiation is one of the effective treatments for cancer 
therapy. Double-strand breaks (DSBs) in tumor cells 
exposed to ionizing radiation are believed to cause 
apoptosis, mitotic catastrophe and reproductive cell 
death [1,2], However, because DSBs are immediately 
repaired by DNA repair mechanisms, the cellular DNA 
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repair capacity seems to be closely associated with the 
outcome of radiotherapy [3], Therefore, targeting DNA 
DSB repair pathways can be a potential therapeutic 
strategy to enhance the antitumor effect of radiation. 

In repair mechanisms for DNA DSBs, there are two 
major pathways, non-homologous end joining (NHEJ) 
and homologous recombination (HR). In the NHEJ 
pathway, which is active during all phases of the cell 
cycle, DNA ends are joined with little or no base dele- 
tion at the end-joining site. In contrast, the HR pathway 
employs the sister chromatid after DNA replication, 
which results in error-free repair. Therefore, HR is most 
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active in the late S and G2 phases [4]. In the HR path- 
way, a large number of proteins are involved, including 
Mrell-Rad50-NBS1 (MRN) complex, RPA, Rad51, 
BRCA1, and BRCA2. In response to DSBs, Rad51 forms 
nucleoprotein filaments on single-strand DNA (ssDNA) 
and causes strand exchanges between ssDNA and 
homologous double-strand DNA [5]. Therefore, Rad51 
acts as a central player in HR and its cellular expression 
level affects radiosensitivity and chemosensitivity [6]. 
BRCA2 phospholylated at Ser3291 directly interacts 
with Rad51 through BRC repeats, facilitating the forma- 
tion of Rad51 filaments [7,8]. Accordingly, BRCA2 is a 
key protein to promote Rad51 recombinase function 
after DNA damage. In fact, cells lacking functional 
BRCA2 exhibit genomic instability and sensitivity to 
DNA-damaging agents such as etopside, bleomycin and 
X-rays [9,10]. 

The ribonucleoside anticancer drug, l-(3-C-ethynyl-|3- 
D-ribo-pentofuranosyl)cytosine (ECyd, TAS106) inhibits 
RNA synthesis through competitive inhibition of RNA 
polymerase (Figure 1) [11]. TAS106 rapidly undergoes 
phosphorylation to a 5'-triphosphate form (ECTP) after 
its uptake into cells, and ECTP strongly inhibits RNA 
polymerase to cause RNA synthesis inhibition [12,13]. 
Furthermore, Naito et al. have demonstrated that 
TAS106 strongly induces JNK-dependent apoptosis 
through activation of an RNase L-mediated RNA degra- 
dation pathway [14]. In the phosphorylation of TAS106, 
uridine/cytidine kinase (UCK) is responsible for the first 
phosphorylation of TAS106 to the 5'-monophosphate 
form. The UCK activity in tumor cells is higher than 
that in non-tumor cells, thereby causing the 




Figure 1 TAS106. The chemical structure of TAS106. 



accumulation of TAS106 preferentially in tumor cells 
[13-16]. We have previously reported that a sublethal 
dose of TAS106 strongly suppresses the expression of 
anti-apoptotic proteins and G2/M checkpoint-related 
proteins, and enhances radiation-induced cell death and 
growth delay in gastric tumor cell lines MKN45, 
MKN28 and murine rectum adenocarcinoma cell line 
Colon26 in vitro [17] and in vivo [18]. Furthermore, this 
radiosensitizing effect is also observed in radioresistant 
hypoxic cells through the inhibition of hypoxia inducible 
factor la (HIF-la) expression [19]. However, the pre- 
cise mechanism underlying TAS106-induced radiosensi- 
tization remains elusive. 

In this study, to further examine the mechanism of 
TAS106-induced radiosensitization, we investigated 
whether TAS106 could modify the repair capacity of 
DNA DSBs. We demonstrate that TAS106 decreases 
cellular DNA DSB repair capacity and radiosensitizes 
human lung carcinoma A549 cells. In addition, we show 
that this radiosensitizing effect is mainly due to abroga- 
tion of the HR pathway through the suppression of 
BRCA2 expression. 

Results 

TAS106 enhances radiosensitivity in tumor and 
immortalized cells 

To determine whether pretreatment with TAS106 
enhanced the radiosensitivity of tumor and immortalized 
cells, we performed a clonogenic survival assay. Figure 
2A shows the X-ray dose-response curves for cell survi- 
val in A549 cells pretreated with TAS106 at various 
concentrations. Pretreatment with TAS106 suppressed 
the clonogenic cell survival in a concentration-depen- 
dent manner and the 10% lethal dose (D 10 ) of the sur- 
viving fraction was reduced from 7.88 Gy in the control 
to 5.24 Gy by the treatment with 1 uM TAS106. The 
sensitizer enhancement ratio (SER) judged by the D 10 
was 1.50, indicating the increase of sensitivity to X-irra- 
diation induced by TAS106. In addition, HEp-2 cells 
and V79 cells pretreated with TAS106 also exhibited 
sensitization to X-irradiation as shown in Figures 2B 
and 2C. SER values for HEp-2 and V79 cells were 1.59 
and 1.28, respectively. Furthermore, TAS106 increased 
the a values in all cell lines tested (Table 1). These 
results indicated that pretreatment with TAS106 
enhanced radiosensitivity in various cell lines. 

TAS106 suppresses cellular DSB repair capacity 

To investigate whether TAS106 radiosensitized tumor 
cells by inhibiting DNA DSB repair, we measured the 
sublethal damage (SLD) repair in A549 cells. The SLD 
assay is based on evidence that cell survival increases 
with extended interval times between two split doses of 
X-rays, provided that the cells can repair the initial 
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Figure 2 Effect of TAS106 on radiosensitivity of A549, HEp-2 
and V79 cell lines. (A-C) Dose-response curves for cells exposed to 
X-irradiation with or without indicated concentrations of TAS106. 
After the pretreatment with TAS106, cells were irradiated and 
assessed for its radiosensitizing effect by measuring clonogenic eel 
survival. (A) Clonogenic cell survival for A549 cells. Closed circle; X- 
irradiation only, open circle; X-irradiation + 0.5 uM TAS106, closed 
square; X-irradiation + 0.75 uM TAS106, open square; X-irradiation + 
1 uM TAS106. (B) Clonogenic cell survival for HEp-2 cells. Closed 
circle; X-irradiation only, open square, X-irradiation + 0.1 uM TAS106. 
(C) Clonogenic cell survival for V79 cells. Closed circle; X-irradiation 
only, open square; X-irradiation + 1 uM TAS106. Data are expressed 
as mean ± SE of three experiments. 



Table 1 Summary of survival curves parameters 



Cell line 


TAS106 




SER 


P 


SERo 


D,„ 


SERr,, 






(Civ -1 1 




(Cw" 2 1 

^y / 




\uyi 




A549 


0 


0.04 




0.032 




7.88 






0.5 


0.04 


1 .00 


0.033 


1.03 


7.77 


1.01 




0.75 


0.12 


3.00 


0.033 


1.03 


6.73 


1.17 




1 


0.12 


3.00 


0.061 


1.91 


5.24 


1.50 


Hep-2 
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1.59 


V79 


0 


0.04 




0.020 




9.78 
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0.07 


1.75 


0.030 


1.50 


7.67 


1.28 


V-C8 


0 


0.33 




0.024 




5.09 






1 


0.42 


1.27 


0.020 


0.83 


4.51 


1.13 



The data were fitted using the linear-quadratic model, SF = exp(-aD-[3D 2 ). The 
10% lethal dose (D 10 ) was calculated from the a and p values. The sensitizer 
enhancement ratio (SER) was calculated from the each values with or without 
TAS106. 



DSBs prior to the second irradiation [20]. Therefore, 
SLD repair is considered to reflect the cellular DSB 
repair capacity. As shown in Figure 3A, the survival 
ratio in A549 cells exposed to fractionated irradiation 
increased as the interval time extended up to 6 h and 
then decreased at 12 h. The maximum increase of the 
survival ratio was 1.4 at the 6 h interval time. In con- 
trast, there was little increase in the survival ratio of 
A549 cells pretreated with TAS106. This result sug- 
gested that the pretreatment with TAS106 suppressed 
DNA DSB repair in A549 cells. 

To further support these data, we analyzed DSBs in X- 
irradiated cells by y-H2AX and 53BP1 foci formation 
assay. Histone H2AX is known to be phosphorylated at 
serine 139 (y-H2AX) immediately after DSB induction, 
and then y-H2AX forms nuclear foci in the region of 
the DSBs, and subsequently undergoes dephosphoryla- 
tion after the repair of DNA strand breaks. p53 binding 
protein 1 (53BP1) also localizes at the DSBs region. 
Therefore, the numbers of y-H2AX and 53BP1 foci are 
used as a measure of the relative amount of DSBs and 
repair kinetics [21,22]. When cells were irradiated at 1 
Gy, the average number of y-H2AX foci per cell peaked 
at 30 min after irradiation and decreased with time for 
both cells with or without TAS106 (Figure 3B). There 
were no significant differences in the numbers of y- 
H2AX foci between cells without and with TAS106 30 
min after irradiation. However, at 1 h, 2 h and 6 h after 
irradiation, the numbers of foci in cells pretreated with 
TAS106 were higher than in cells without TAS106. In 
addition, the average number of 53BP1 foci in cells trea- 
ted with T AS 106 was significantly greater than that in 
cells without TAS106 at 6 h after irradiation. These 
results suggested that TAS106 inhibited DSB repair. 
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Figure 3 TAS106 suppressed DNA repair capacity in A549 cells 

(A) Survival ratio of A549 cells after fractionated irradiation. Cells 
were pretreated with TAS106 (1 uM) for 24 h and then irradiated 
(2.5 Gy). After incubation for the indicated times, they were 
irradiated (2.5 Gy) again and cultured for colony formation. The 
survival ratios were normalized to unity at time 0 h for each group. 
Data are expressed as mean ± SE of three experiments. *p < 0.05, 
significant difference by the Mann-Whitney U test. (B) y-H2AX and 
(C) 53BP1 focus formation after X-irradiation. Cells were pretreated 
with TAS106 (1 uM) for 24 h, followed by X-irradiation (1 Gy). They 
were then fixed at the indicated times to evaluate the nuclear y- 
H2AX focus formation. The numbers of foci in at least 20 cells were 
scored and the average numbers were plotted in the graph. Data 
are expressed as mean ± SE of three experiments. *p < 0.05, 
significant difference by Student's f-test. 



TAS106 suppresses the expression of DSB repair proteins 

To explore the mechanism of DSB inhibition by 
TAS106, we examined the effect of TAS106 on the 
expression levels of DSB repair-related proteins in A549 
cells. As shown in Figure 4A, the treatment with 1 uM 
TAS106 for 24 h clearly suppressed the expression levels 
of BRCA2 and Rad51, which are the key proteins of the 
HR pathway. The expression levels of Mrell and NBS1, 
which are constituent proteins of the MRN complex, 
were slightly reduced by TAS106. On the other hand, 
there was no obvious change in the expression levels of 
DNA-PKcs and Ku70, which are involved in the NHEJ 
pathway. It has been reported that TAS106 inhibits 
RNA synthesis and regulates the expression of its target 
proteins at the mRNA level [12,13]. Therefore, we 
examined the effect of TAS106 on the mRNA expres- 
sion levels of DSB repair-related proteins using semi- 
quantitative RT-PCR. Figure 4B shows that the 
treatment with 1 uM TAS106 suppressed the mRNA 
levels of BRCA2, Rad51, Mrell and NBS1 in a time- 
dependent manner. However, the mRNA levels of DNA- 
PKcs and Ku70 were not changed. These tendencies had 
good correlation with the results of Western blot analy- 
sis. These results suggested that TAS106 suppressed 
HR-related proteins but not NHEJ-related proteins. 

Down-regulation of BRCA2 and Rad51 was maintained for 
12 h after the removal of TAS106 

For TAS106-induced down-regulation of BRCA2 and 
Rad51 to result in tumor radiosensitization, it needs to 
be maintained during the period of initial DSB repair 
after X-irradiation. Therefore, we assessed how long this 
inhibitory effect was prolonged after the removal of 
TAS106. A549 cells were treated with 1 uM TAS106 or 
vehicle for 24 h and replaced with fresh medium. After 
exposure to X-rays at 10 Gy, cells were collected at each 
time point. In cells exposed to X-irradiation alone there 
was no change in the expression levels of BRCA2 and 
Rad51 (Figure 5A). In contrast, TAS106 reduced the 
expression levels of BRCA2 and Rad51 and this per- 
sisted up to 12 h after X-irradiation (Figure 5B). These 
results suggested that TAS106 reduced the expression 
levels of HR-related proteins for a period long enough 
to inhibit the repair of radiation-induced DSBs after its 
removal. 

Down-regulation of BRCA2 is responsible for the 
radiosensitizing effect of TAS106 

Based on the results described above, we hypothesized 
that the radiosensitizing effect of TAS106 was mainly 
due to abrogation of the HR pathway through the 
down-regulation of BRCA2. To test this hypothesis, we 
next compared the radiosensitizing effect of TAS106 in 
BRCA2-deficient V-C8 cells with that in parental V79 
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Figure 4 TAS106 suppressed the expression of BRCA2 and Rad51 at protein and mRNA levels in A549 cells (A) Effects of TAS106 on the 
expression levels of DNA repair-related proteins. Cells were treated with TAS106 (1 pM) for 12 or 24 h. After incubation, cell extracts were 
analyzed by Western blotting using specific antibodies. Actin was used as a loading control. (Left) Representative blots of three separate 
experiments are shown. (Right) Bands corresponding to each protein were quantified, and intensities of each protein were normalized to the 
intensity of actin. Data are expressed as mean ± SE of three experiments. (B) Effects of TAS106 on the mRNA expression levels of DNA repair- 
related proteins. Cells were treated with TAS106 (1 pM) for 12 or 24 h. After incubation, total RNA was isolated and the mRNA expression was 
analyzed by RT-PCR. Actin was used as an internal control. (Left) A representative image of three separate experiments is shown. (Right) Bands 
corresponding to each mRNA were quantified, and the intensity of each mRNA was normalized to the intensity of actin. Data are expressed as 
mean ± SE of three experiments. 



cells by clonogenic survival assay. It has been shown 
that the HR-pathway-mediated DNA damage repair is 
impaired in BRCA2-deficient V-C8 cells [23]. While a 
significant radiosensitizing effect by TAS106 was 
observed in V79 cells, the treatment with 1 uM TAS106 
did not induce any radiosensitizing effect in V-C8 cells 
(Figure 6). In V79 cells, the pretreatment with 1 uM 
TAS106 reduced the D 10 of the surviving fraction from 
9.78 Gy to 7.67 Gy and its SER was 1.28. In V-C8 cells, 
the D 10 of the surviving fraction was reduced from 5.09 
Gy to 4.51 Gy and SER was 1.13. In addition, SER calcu- 
lated from a value in V79 cells was also higher than 
that in V-C8 cells (Table 1). Therefore, this result sug- 
gested that down-regulation of BRCA2 by TAS106 sup- 
pressed the HR pathway of DSB repair, leading to the 
radiosensitizing effect. 



Discussion 

The DNA repair pathway is a promising target for can- 
cer radiotherapy because intrinsic DNA repair pathway 
enables tumor cells to survive by repairing radiation- 
induced DNA lesions. Therefore, there have been sev- 
eral studies aimed at radiosensitizing tumor cells by 
modulating DNA repair-related molecules. For example, 
the ATM inhibitor KU-55933 shows high specificity and 
induces radiosensitizing effects in tumor cells [24]. 
Gemcitabine and Gimeracil, which disrupt the metabolic 
pathway for nucleic acids, were also reported to have 
radiosensitizing effects through the inhibition of HR- 
mediated DSB repair [25,26]. 

We have previously reported that TAS106 enhances 
X-irradiation-induced apoptosis and reproductive cell 
death regardless of p53 status in tumor cells in vitro 



Meike et al. Molecular Cancer 201 1, 10:92 
http://www.molecular-cancer.eom/content/10/1/92 



Page 6 of 9 



A 

Time after 
irradiation 



BRCA2 



Rad51 



Actin 



NO 2 4 6 12 (h) 



B 



Time after 
irradiation 

BRCA2 



Rad51 



Pretreatment with TAS106 (1 \jM) 
NO 2 4 6 12 (h) 



Actin 



Figure 5 Duration of the down-regulation of BRCA2 and Rad51 
by TAS106 in A549 cells. Cells were pretreated with or without 
TAS106 (1 uM) for 24 h. They were irradiated (10 Gy) and incubated 
for the indicated times in the absence of TAS106. After incubation, 
cell extracts were analyzed by Western blotting using specific 
antibodies. Actin was used as a loading control. (A) X-irradiation 
alone and (B) X-irradiation after pretreatment with TAS106. 
Representative blots of three separate experiments are shown. 



and in vivo [17,18]. The down-regulation of survivin, a 
key protein regulating apoptosis, and the abrogation of 
arrest at the G2/M phase by TAS106 are partly respon- 
sible for the enhancement of cell death [16]. Further- 
more, TAS106 enhances X-irradiation-induced apoptosis 
even under hypoxic conditions through the down-regu- 
lation of HIF-la [18]. Although TAS106 exhibits a clear 
radiosensitizing effect, its effect on DNA DSBs, which 
are the most lethal DNA lesions caused by X-irradiation, 
has not been evaluated yet. Therefore, we assessed the 
effect of TAS106 on the repair of radiation-induced 
DSBs. 

In the present study, pretreatment with TAS106 
enhanced radiation-induced cell death in tumor cell 
lines A549 and HEp-2 as well as the immortalized cell 
line V79 (Figure 2). To determine whether this radio- 
sensitizing effect by TAS106 could be explained by the 
suppression of DNA repair capacity, we next 
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Figure 6 Deletion of BRCA2 abrogated the radiosensitizing 
effect of TAS106. Chinese hamster V79 and BRCA2-deficient V-C8 
cells were pretreated with or without TAS106 (1 uM) for 6 h and its 
radiosensitizing effect was assessed by measuring clonogenic cell 
survival. Closed circle; X-irradiation for V79, open circle; X-irradiation + 
1 uM TAS106 for V79, closed square; X-irradiation for V-C8, open 
square; X-irradiation + 1 uM TAS106 for V-C8. Data are expressed as 
mean ± SE of three experiments. 



investigated the effect of TAS106 on SLD repair. It has 
been reported that SLD repair reflects the cellular DSBs 
repair capacity mediated by the HR pathway [27,28]. As 
shown Figure 3A, TAS106 suppressed the SLD repair in 
A549 cells exposed to fractionated irradiation. In addi- 
tion, the average numbers of radiation-induced y-H2AX 
and 53BP1 foci in TAS106-pretreated cells were higher 
than in control cells up to 6 h after X-irradiation, as 
shown in Figure 3B and 3C. These results suggested 
that TAS106 suppressed DSB repair through inhibition 
of the HR pathway. 

To clarify the molecular mechanisms of DSB repair 
inhibition by TAS106, we tested the effect of TAS106 
on the expression levels of DSB repair-related proteins 
using Western blot analysis. The expression of NHEJ- 
related proteins, DNA-PKcs and Ku70, was not affected 
by TAS106. On the other hand, TAS106 suppressed the 
expression of the HR-related proteins BRCA2 and 
Rad51 (Figure 4A). Therefore, our results suggested that 
down-regulation of Rad51 and BRCA2 by TAS106 
inhibited the HR pathway, leading to the radiosensitizing 
effect, as shown in Figure 2. RAD51 is a crucial compo- 
nent of the HR pathway and its down-regulation 
enhances radiosensitivity in tumor cells [29,30]. It has 
also been reported that deficiency or down-regulation of 
BRCA2 results in high sensitivity to X-irradiation due to 
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insufficient DSB repair [10,31]- Recent studies reported 
that loss of HR capacity in BRCA2-deficient cells was 
restored by overexpression of wild-type Rad51 [32,33]. 
Therefore, although TAS106 reduced the expression 
levels of BRCA2 and Rad51, it might be possible that 
the down-regulation of Rad51 by TAS106 is more influ- 
ential than that of BRCA2. 

Down-regulation of BRCA2 and Rad51 was main- 
tained up to 12 h after the removal of TAS106 and the 
following X-irradiation (Figure 5B). As shown in Figure 
3B, DSBs were mostly repaired within 6 h after irradia- 
tion in control cells. Therefore, the maintenance of this 
down-regulation likely contributed to the inhibition of 
DSB repair by TAS106. Additionally, TAS106 reduced 
the mRNA levels of HR-related proteins in consistent 
with the result of Western blot analysis in A549 cells 
(Figure 4). These results suggested that TAS106 down- 
regulated these proteins transcriptionally, and supported 
the results that TAS106 inhibited RNA transcription by 
suppressing RNA polymerase II in previous studies 
[34-36]. 

To further support our findings, we compared the 
radiosensitizing effect of TAS106 in BRCA2-deficient V- 
C8 cells with that in parental V79 cells. TAS106 sensi- 
tized V79 cells, but not V-C8 cells, to X-irradiation (Fig- 
ure 6). In addition, we examined the effect of TAS106 
on the expression level of Rad51 in V79 and V-C8 cells. 
TAS106 did not change it in both cells (data not 
shown). These results suggested that the down-regula- 
tion of BRCA2, rather than Rad51, was primarily attri- 
butable to the suppression of cellular DNA repair 
capacity and the radiosensitizing effect in TAS106-trea- 
ted cells. 

Conclusions 

We have demonstrated that TAS106 suppresses the 
repair of radiation-induced DSBs and enhances radio- 
sensitivity, which is mainly associated with the inhibition 
of HR pathway through the down-regulation of BRCA2. 
DSBs are the main target of cancer radiotherapy, and 
targeting inhibition of DNA repair is one approach to 
improve the efficiency of it. Therefore, TAS106 could be 
a good molecular candidate to achieve it, and the com- 
bination of TAS106 and X-irradiation may be an effec- 
tive strategy for enhancing tumor cell death. 

Methods 

Reagents 

RPMI 1640, DMEM and a-MEM medium were pur- 
chased from Invitrogen (Carlsbad, CA). Ham's F-10 
medium and fetal bovine serum were purchased from 
Sigma-Aldrich (St. Louis, MO). l-(3-C-ethynyl-|3-D- 
ribo-pentofuranosyl) cytosine (TAS106) was synthesized 
as described elsewhere [11]. The following antibodies 



were used for Western blotting and immunostaining: 
anti-BRCA2 (Merck, Darmstadt, Germany), anti-NBSl 
(Novus Biologicals, Littleton, CO), anti-Mrell, anti- 
53BP1 (Abeam, Cambridge, MA), anti-y-H2AX (Milli- 
pore, Billerica, MA), anti-Rad51, anti-DNA-PKcs, anti- 
Ku70, anti-actin, HRP-conjugated secondary antibodies 
(Santa Cruz Biotechnology, Santa Cruz, CA), Alexa 
Fluor R 488 anti-mouse IgG and anti-rabbit IgG (Invitro- 
gen). The chemiluminescence detection kit, Western 
Lightning* Plus-ECL, was purchased from Perkin Elmer 
(Boston, MA). 

Cell culture, X-irradiation and drug treatment 

Human lung carcinoma cell line A549, human larynx 
squamous carcinoma cell line HEp-2 and Chinese ham- 
ster fibroblast cell line V79 were grown in RPMI 1640, 
DMEM and a-MEM medium containing 10% fetal 
bovine serum at 37°C in 5% C0 2 , respectively. Chinese 
hamster fibroblast cell line V-C8, derived from V79, was 
grown in Ham's F-10 medium containing 10% fetal 
bovine serum. X-irradiation was performed with a Shi- 
madzu PANTAK HF-350 X-ray generator (1.0 mm Al 
filter, 200 kVp, 20 mA, Shimadzu, Kyoto, Japan). Cells 
were treated with TAS106 for 6 h (V79 and V-C8) or 
24 h (A549 and HEp-2) and subsequent X-irradiation 
was performed in the absence of TAS106. 

Clonogenic survival assay 

Cells were seeded on 6-cm dishes and treated with 
TAS106 at the indicated concentrations for 6 h or 24 h. 
Then they were washed twice with PBS and replaced 
with fresh medium. Immediately after replacement, cells 
were exposed to X-rays and incubated for 7-14 days. 
Following this they were then fixed with methanol and 
stained with Giemsa solution (Sigma-Aldrich). Colonies 
containing more than 50 cells were scored as surviving 
cells. In A549 cells, 64, 48 and 29% of cells were alive at 
the concentration of 0.5, 0.75 and 1 uM TAS106, 
respectively. In addition, cell survivals after TAS106 
treatment were 25, 98, and 35% at 0.1 uM for HEp-2, 1 
uM for V79 and 1 uM for V-C8, respectively. Each sur- 
viving fractions were corrected using these cell survivals. 
The survival curves were fitted to a linear-quadratic 
model by data analysis software Origin Pro 7 (OriginLab 
Co. Northampton, MA). 

Sublethal damage (SLD) repair capacity was measured 
as the increase of surviving cells after irradiation with a 
split dose at the indicated interval. Cells treated with 1 
uM TAS106 for 24 h were washed twice with PBS and 
replaced with fresh medium. Immediately after replace- 
ment, cells were exposed to X-rays (2.5 Gy) and incu- 
bated for 0-12 h for the repair of SLD. At the indicated 
times, the cells were exposed to X-rays (2.5 Gy) again 
and incubated for 10 days. 



Meike ef al. Molecular Cancer 201 1, 10:92 
http://www.molecular-cancer.eom/content/10/1/92 



Page 8 of 9 



Immunofluorescent staining for y-H2AX and 53BP1 

At the indicated times after TAS106 treatment and X- 
irradiation, cells attached on glass coverslips were fixed 
in 4% paraformaldehyde/PBS for 30 min at room tem- 
perature. After being permeabilized with PBS containing 
0.5% Triton X-100 for 5 min at 4°C, cells were treated 
with PBS containing 6% goat serum for 30 min at room 
temperature. Then they were incubated with the anti-y- 
H2AX antibody at a 1:500 dilution or the anti-53BPl 
antibody at a 1:1000 dilution in 3% goat serum over- 
night at 4°C. Cells were then incubated in the dark with 
the Alexa Fluor R 488-conjugated anti-mouse or anti- 
rabbit secondary antibody at a 1:500 dilution for 1.5 h. 
After incubation, they were counterstained with 300 nM 
4',6'-diamidino-2-phenylindole (Invitrogen) for 5 min at 
room temperature. Coverslips were mounted with Pro- 
long Gold antifade reagent (Invitrogen). Fluorescent 
microscopic analysis was performed using an Olympus 
BX50 microscope with reflected light fluorescence and 
foci were counted manually. 

SDS-PAGE and Western blotting 

Cells were collected and lysed in lysis buffer (20 mM 
HEPES-NaOH [pH 7.4], 2 mM EGTA, 50 mM glycero- 
phosphate, 1% Triton X-100, 10% glycerol, 1 mM 
PMSF, 10 ug/ml leupeptin, 10 ug/ml aprotinin and 10 
ug/ml pepstatin). After centrifugation at 15,000 rpm for 
15 min at 4°C, supernatants were collected. Three-fold 
concentrated Laemmli's sample buffer (0.1875 M Tris- 
HC1 [pH 6.8], 15% P-mercaptoethanol, 6% SDS, 30% gly- 
cerol and 0.006% bromophenol blue) was added to the 
supernatant, and samples were boiled for 5 min. Pro- 
teins were separated by SDS-PAGE and transferred onto 
a nitrocellulose membrane (ADVANTEC Toyo, Tokyo, 
Japan). The membrane was probed with specific antibo- 
dies diluted with TBST (10 mM Tris-HCl [pH 7.4], 0.1 
M NaCl and 0.1% Tween-20) containing 5% nonfat skim 
milk overnight at 4°C. After being probed with HRP- 
conjugated secondary antibodies, bound antibodies were 
detected with Western Lightning® Plus-ECL. 

Semiquantitative reverse transcription-PCR (RT-PCR) 

Total RNA was extracted and purified with an RNeasy 
Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer's instructions. One microgram of RNA was 
reverse transcribed using the Reverse Transcription Sys- 
tem (Promega Corporation, Madison, WI) and cDNA was 
amplified with GoTaq™ DNA Polymerase (Promega). The 
specific primer sequences for PCR were as follows: for 
BRCA2, 5'-CAAGCAGATGATGTTTCCTGTCC-3' and 
5'-AGAACTAAGGGTGGGTGGTGTAGC-3'; for Rad51, 
5'-TTTGGAGAATTCCGAACTGG-3' and 5'-AGGAA- 
GACAGGGAGAGTCG-3'; for Mrell, 5'-CTTGTAC- 
GACTGCGAGTGGA-3' and 5'-TTCACCCATCCC 



TCTTTCTG-3'; for NBS1, 5'-AGAAATTGAGTTCCG- 
CAGTTGTC-3' and 5'-GGGATTCTCATCTTAGC- 
CAAAG-3'; for DNA-PKcs, 5'-ACACCATGTCCCAA 
GAGGAG-3' and 5'-AGCCTCAGGGCTTGTACTCA-3'; 
for Ku70, 5'-TATTTACGTCTTACAGGAGC-3' and 5'- 
GCATCTTCCTTTTATCATCA-3'; for actin 5'-GACC- 
CAGATCATGTTTGAGACC-3' and 5'-GGTGAG- 
GATCTTCATGAGGTAG-3'. 

The PCR protocol was as follows: initial denaturation 
at 95°C for 2 min, followed by 31 cycles (BRCA2, 
Mrell, NBS1, DNA-PKcs, Ku70 and actin) or 40 cycles 
(Rad51) at 95°C for 1 min, annealing at 55°C (Ku70), 
60.6°C (NBS1 and Mrell), 63°C (DNA-PKcs and actin), 
64°C (Rad51) or 65°C (BRCA2) for 1 min and extension 
at 72°C for 1 min. The final extension was performed by 
incubation at 72°C for 5 min. The PCR products were 
subjected to agarose gel electrophoresis and visualized 
using ethidium bromide (Sigma-Aldrich). 

List of abbreviations 

ATM: ataxia telangiectasia mutated; DSBs: DNA double strand breaks; TAS106: 
l-(3-C-ethynyl-B,-D-ribo-pentofuranosyl)cytosine (ECyd); HIF-1 a: hypoxia 
inducible factor-1a; HR: homologous recombination; MRN: Mrel 1-Rad50- 
NBS1; NHEJ: non-homologous end joining; SLD: sub-lethal damage; ssDNA: 
single strand DNA; UCK: uridine/cytidine kinase. 

Acknowledgements 

This work was supported, in part, by Grants-in-Aid for Basic Scientific 
Research from the Ministry of Education, Culture, Sports, Science, and 
Technology of Japan (Nos. 21380185, 2165106 [01] and 21780267 [TYJ) and 
The Akiyama Life Science Research Foundation [Ol, TY, HY]. Partial financial 
support was provided to this study by Taiho Pharmaceutical Co, Ltd. 

Author details 

1 Laboratory of Radiation Biology, Department of Environmental Veterinary 
Sciences, Graduate School of Veterinary Medicine, Hokkaido University, 
Sapporo, 060-0818, Japan, laboratory of Medicinal Chemistry, Faculty of 
Pharmaceutical Sciences, Hokkaido University, Sapporo, 060-0812, Japan. 
3 Division of Disease Model Innovation, Institute for Genetic Medicine, 
Hokkaido University, Sapporo, 060-0815, Japan. 4 Taiho Pharmaceutical Co, 
Ltd, Chiyoda-ku, Tokyo, 101-8444, Japan. 

Authors' contributions 

SM and HY performed the research, analyzed the data, and drafted the 
manuscript. ME helped with cell culture and Western blotting techniques. 
MM prepared the V-C8 cells used in these studies. MF, YY and AM 
synthesized TAS106 used in these studies. TY and Ol designed the research, 
interpreted the data. All authors approved the final version of the 
manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 2 March 201 1 Accepted: 28 July 201 1 Published: 28 July 201 1 

References 

1. Kaina B: DNA damage-triggered apoptosis: critical role of DNA repair, 
double-strand breaks, cell proliferation and signaling. Biochem Pharmacol 
2003, 66:1547-1554. 

2. Castedo M, Perfettini JL, Roumier T, Andreau K, Medema R, Kroemer G: Cell 
death by mitotic catastrophe: a molecular definition. Oncogene 2004, 
23:2825-2837. 

3. Mirzayans R, Severin D, Murray D: Relationship between DNA double- 
strand break rejoining and cell survival after exposure to ionizing 



Meike et al. Molecular Cancer 201 1, 10:92 
http://www.molecular-cancer.eom/content/10/1/92 



Page 9 of 9 



radiation in human fibroblast strains with differing ATM/p53 status: 
implications for evaluation of clinical radiosensitivity. Int J Radiat Oncol 
Biol Phys 2006, 66:1498-1505. 

4. Shrivastav (VI, De Haro LP, Nickoloff JA: Regulation of DNA double-strand 
break repair pathway choice. Cell Res 2008, 18:134-147. 

5. Stark JM, Hu P, Pierce AJ, Moynahan (VIE, Ellis N, Jasin (VI: ATP hydrolysis by 
mammalian RAD51 has a key role during homology-directed DNA 
repair. J Biol Chem 2002, 277:20185-20194. 

6. Baumann P, West SC: Role of the human RAD51 protein in homologous 
recombination and double-stranded-break repair. Trends Biochem Sci 
1998, 23:247-251. 

7. Shivji MK, Davies OR, Savill JM, Bates DL, Pellegrini L, Venkitaraman AR: A 
region of human BRCA2 containing multiple BRC repeats promotes 
RAD51 -mediated strand exchange. Nucleic Acids Res 2006, 34:4000-4011. 

8. Esashi F, Christ N, Gannon J, Liu Y, Hunt T, Jasin M, West SC: CDK- 
dependent phosphorylation of BRCA2 as a regulatory mechanism for 
recombinational repair. Nature 2005, 434:598-604. 

9. Tutt A, Gabriel A, Bertwistle D, Connor F, Paterson H, Peacock J, Ross G, 
Ashworth A: Absence of Brca2 causes genome instability by 
chromosome breakage and loss associated with centrosome 
amplification. Curr Biol 1999, 9:1 107-1 110. 

10. Verhaegh GW, Jongmans W, Morolli B, Jaspers NG, van der Schans GP, 
Lohman PH, Zdzienicka MZ: A novel type of X-ray-sensitive Chinese 
hamster cell mutant with radioresistant DNA synthesis and hampered 
DNA double-strand break repair. Mutat Res 1995, 337:1 19-129. 

1 1 . Hattori H, Tanaka M, Fukushima M, Sasaki T, Matsuda A: Nucleosides and 
nucleotides. 158. 1-(3-C-ethynyl-beta-D-ribo-pentofuranosyl)-cytosine, 1- 
(3-C-ethynyl-beta-D-ribo-pentofuranosyl)uracil, and their nucleobase 
analogues as new potential multifunctional antitumor nucleosides with 
a broad spectrum of activity. J Med Chem 1 996, 39:5005-501 1 . 

12. Shimamoto Y, Koizumi K, Okabe H, Kazuno H, Murakami Y, Nakagawa F, 
Matsuda A, Sasaki T, Fukushima M: Sensitivity of human cancer cells to 
the new anticancer ribo-nucleoside TAS-106 is correlated with 
expression of uridine-cytidine kinase 2. Jpn J Cancer Res 2002, 93:825-833. 

13. Matsuda A, Sasaki T: Antitumor activity of sugar-modified cytosine 
nucleosides. Cancer Sci 2004, 95:105-1 11. 

14. Naito T, Yokogawa T, Kim HS, Matsuda A, Sasaki T, Fukushima M, Wataya Y: 
An apoptotic pathway of 3'-Ethynylcytidine (ECyd) involving the 
inhibition of RNA synthesis mediated by RNase L. Nucleic Acids Res Suppl 
2006, 50:103-104. 

1 5. Koizumi K, Shimamoto Y, Azuma A, Wataya Y, Matsuda A, Sasaki T, 
Fukushima M: Cloning and expression of uridine/cytidine kinase cDNA 
from human fibrosarcoma cells. Int J Mai Med 2001, 8:273-278. 

16. Maehara Y, Nakamura H, Nakane Y, Kawai K, Okamoto M, Nagayama S, 
Shirasaka T, Fuji! S: Activities of various enzymes of pyrimidine nucleotide 
and DNA syntheses in normal and neoplastic human tissues. Gann 1982, 
73:289-298. 

17. Inanami O, lizuka D, Iwahara A, Yamamori T, Kon Y, Asanuma T, Matsuda A, 
Kashiwakura I, Kitazato K, Kuwabara M: A novel anticancer ribonucleoside, 
1-(3-C-ethynyl-beta-D-ribo-pentofuranosyl)cytosine, enhances radiation- 
induced cell death in tumor cells. Radiat Res 2004, 162:635-645. 

18. Yasui H, Inanami O, Asanuma T, lizuka D, Nakajima T, Kon Y, Matsuda A, 
Kuwabara M: Treatment combining X-irradiation and a ribonucleoside 
anticancer drug, TAS106, effectively suppresses the growth of tumor 
cells transplanted in mice. Int J Radiat Oncol Biol Phys 2007, 68:218-228. 

19. Yasui H, Ogura A, Asanuma T, Matsuda A, Kashiwakura I, Kuwabara M, 
Inanami O: Inhibition of HIF-1 alpha by the anticancer drug TAS106 
enhances X-ray-induced apoptosis in vitro and in vivo. Br J Cancer 2008, 
99:1442-1452. 

20. Hall EJ: Repair of Radiation Damage and the Dose-Rate Effect. In 

Radiobiology for the radiologist. 6 edition. Edited by: Hall EJ, Giaccia AJ. 
Philadelphia: Lippincott Willams 2006:. 

21. Rogakou EP, Boon C, Redon C, Bonner WM: Megabase chromatin domains 
involved in DNA double-strand breaks in vivo. J Cell Biol 1999, 
146:905-916. 

22. Schultz LB, Chehab NH, Malikzay A, Halazonetis TD: p53 binding protein 1 
(53BP1) is an early participant in the cellular response to DNA double- 
strand breaks. J Cell Biol 2000, 151:1381-1390. 

23. Kraakman-van der Zwet M, Overkamp WJ, van Lange RE, Essers J, van 
Duijn-Goedhart A, Wiggers I, Swaminathan S, van Buul PP, Errami A, Tan RT, 
Jaspers NG, Sharan SK, Kanaar R, Zdzienicka (VIZ: Brca2 (XRCC11) deficiency 



results in radioresistant DNA synthesis and a higher frequency of 
spontaneous deletions. Mol Cell Biol 2002, 22:669-679. 

24. Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr Al, Reaper PM, 
Jackson SP, Curtin NJ, Smith GC: Identification and characterization of a 
novel and specific inhibitor of the ataxia-telangiectasia mutated kinase 
ATM. Cancer Res 2004, 64:9152-9159. 

25. Wachters FM, van Putten JW, Maring JG, Zdzienicka (VIZ, Groen HJ, 
Kampinga HH: Selective targeting of homologous DNA recombination 
repair by gemcitabine. Int J Radiat Oncol Biol Phys 2003, 57:553-562. 

26. Takagi M, Sakata K, Someya M, Tauchi H, lijima K, Matsumoto Y, Torigoe T, 
Takahashi A, Hareyama M, Fukushima M: Gimeracil sensitizes cells to 
radiation via inhibition of homologous recombination. Radiother Oncol 
2010, 96:259-266. 

27. Utsumi H, Elkind MM: Requirement for repair of DNA double-strand 
breaks by homologous recombination in split-dose recovery. Radiat Res 
2001, 155:680-686. 

28. Rao BS, Tano K, Takeda S, Utsumi H: Split dose recovery studies using 
homologous recombination deficient gene knockout chicken B 
lymphocyte cells. J Radiat Res (Tokyo) 2007, 48:77-85. 

29. Collis SJ, Tighe A, Scott SD, Roberts SA, Hendry JH, Margison GP: Ribozyme 
minigene-mediated RAD51 down-regulation increases radiosensitivity of 
human prostate cancer cells. Nucleic Acids Res 2001, 29:1534-1538. 

30. Chan N, Koritzinsky M, Zhao H, Bindra R, Glazer PM, Powell S, Belmaaza A, 
Wouters B, Bristow RG: Chronic hypoxia decreases synthesis of 
homologous recombination proteins to offset chemoresistance and 
radioresistance. Cancer Res 2008, 68:605-614. 

31. Yu D, Sekine E, Fujimori A, Ochiya T, Okayasu R: Down regulation of 
BRCA2 causes radio-sensitization of human tumor cells in vitro and in 
vivo. Cancer Sci 2008, 99:810-815. 

32. Lee SA, Roques C, Magwood AC, Masson JY, Baker MD: Recovery of 
deficient homologous recombination in Brca2-depleted mouse cells by 
wild-type Rad51 expression. DNA Repair (Amst) 2009, 8:170-181. 

33. Brown ET, Holt JT: Rad51 overexpression rescues radiation resistance in 
BRCA2-defective cancer cells. Mol Carcinog 2009, 48:105-109. 

34. Tabata S, Tanaka M, Endo Y, Obata T, Matsuda A, Sasaki T: Anti-tumor 
mechanisms of 3'-ethynyluridine and 3'-ethynylcytidine as RNA synthesis 
inhibitors: development and characterization of 3'-ethynyluridine- 
resistant cells. Cancer Lett 1997, 24(1 16):225-231. 

35. Shimamoto Y, Kazuno H, Murakami Y, Azuma A, Koizumi K, Matsuda A, 
Sasaki T, Fukushima M: Cellular and biochemical mechanisms of the 
resistance of human cancer cells to a new anticancer ribo-nucleoside, 
TAS-106. Jpn J Cancer Res 2002, 93:445-452. 

36. Azuma A, Matsuda A, Sasaki T, Fukushima M: l-(3-C-ethynyl-beta-D-ribo- 
pentofuranosyl)cytosine (ECyd, TAS-106)1: antitumor effect and 
mechanism of action. Nucleosides Nucleotides Nucleic Acids 2001, 
20:609-619. 



doi:1 0.1 1 86/1 476-4598-1 0-92 

Cite this article as: Meike et al: A nucleoside anticancer drug, 1-(3-C- 
ethynyl-p-D-ribo-pentofuranosyl)cytosine (TAS106), sensitizes cells to 
radiation by suppressing BRCA2 expression. Molecular Cancer 201 1 10:92. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



BioMed Central 



